Abstract. Synthetic aperture radar (SAR) processors are typically designed to image static scenes. Images of moving targets can therefore be seriously degraded with smearing and apparent shifts in the azimuth position. These effects are illustrated and evaluated using airborne SAR images of land targets. This study examines the potential of detecting motion and estimating velocity from polarimetric SAR (PolSAR) images. PolSAR systems transmit alternating vertically and horizontally polarized pulses. This, together with a reciprocity assumption, suggests the application of clutter cancellation methods. The feasibility of several methods of motion detection and velocity estimation from PolSAR images is evaluated. 
Introduction
A synthetic aperture radar (SAR) is, in general, carried on a platform moving at a constant velocity at a constant altitude. An image is generated by SAR processing, which assumes fixed locations of the scatterers during data acquisition. It is well known that a constant radial or across-track target velocity will cause an apparent shift in the azimuth location of the target (Raney, 1971; Curlander and McDonough, 1991) and smearing in the radial and azimuth directions. A constant along-track velocity will cause smearing of the target image in the azimuth direction (Raney, 1971; Livingstone et al., 2002) . Accelerations cause additional image defocusing (Sharma and Collins, 2004) . As a result of these effects, the images of moving targets may be seriously degraded. This makes the detection and classification of moving targets difficult.
A polarimetric SAR (PolSAR) system alternately transmits horizontally (H) and vertically (V) polarized electromagnetic (EM) pulses from an antenna and measures both the horizontally (H) and vertically (V) polarized scattered waves simultaneously (i.e., HH, HV, VH, and VV). This, together with a reciprocity assumption, suggests the application of a clutter cancellation method to aid in moving target detection.
RADARSAT-2 will offer many modes, including fully polarimetric modes (Ali et al., 2004) . In this context, we consider data from the Environment Canada CV-580 polarimetric SAR system to investigate the feasibility of detecting motion and estimating velocity from PolSAR images. The CV-580 C-band SAR can provide fully polarimetric data with a resolution of 6 m in range and 1 m in azimuth for single-look data, with a noise floor that is significantly lower than that of RADARSAT-1 (Livingstone et al., 1995) .
In the Environment Canada CV-580 PolSAR system, the transceiver contains two identical receivers. The antenna has horizontally and vertically polarized feed arrays, which share a single horn aperture through an orthomode coupler (Livingstone et al., 1995) . The system has a single antenna for all polarimetric channels and has no physical phase centre separation (relative to the antenna location) between polarization channels (Touzi et al., 2005) . Therefore, in this study, the observed effects of the clutter cancellation method in moving target detection using PolSAR are different from those of the moving target indication (MTI) systems that have two antennas with a physical phase centre separation between these two antennas (Gierull and Sikaneta, 2003; Gierull, 2006) . In a PolSAR system, H and V pulses are transmitted alternately and, therefore, are transmitted at slightly different times and locations in the along-track direction. This displacement is compensated by a coregistration process. The time and location displacements are not independent, however. MTI systems have an additional degree of freedom due to the additional antenna, and this allows space time processing for the MTI system which cannot be done for PolSAR. The antennas for the CV-580 PolSAR system and the CV-580 MTI system are described and illustrated later in the paper. The MTI antenna clearly has two separate sections.
In general, PolSAR systems have no phase centre separation between polarimetric channels. Therefore the methods and algorithms of target motion detection investigated in this study can be applied to any PolSAR system. This paper illustrates and evaluates the effects of target motion on PolSAR images and addresses the feasibility of several methods of motion detection and velocity estimation using airborne PolSAR images. The next section gives basic SAR theory and velocity effects. Then, an experiment with moving land vehicles that provided the experimental data for this paper is described. Lastly, the results are analyzed and evaluated with regards to the feasibility of using PolSAR information for moving target detection and velocity estimation.
Theory
The basic theory used in this study is briefly described in this section. It consists of two parts: the first is used in the data analysis, and the second for system simulation.
Analysis
Only moving targets with constant velocity are considered for this study. It is assumed that the target velocity is small compared with that of the aircraft and that there is no acceleration. The moving target geometry is shown in Figure 1 , where it is assumed that the across-track direction is along the Y axis and the aircraft track (along-track) is along the X axis. The target position is X T = X 0 + V Tx t, Y T = Y 0 + V Ty t, and Z T = 0. The aircraft position is X A = V A t, Y A = 0, and Z A = h, where t is the time, h is the aircraft altitude, and V A is the aircraft speed. The slant range from the aircraft to the moving target is a function of time and is given by
(1)
The range trajectory of a target as a function of time indicates its range history. For a static target, the trajectory will be nearly horizontal. If it is moving, it will have a noticeable slope across the range direction if V Ty ≠ 0. A moving target can be distinguished from a static target by its trajectory; the moving target radial velocity can be estimated from the slope of the trajectory (i.e., the slope of phase changes). SAR processors are usually designed to image static scenes. Range-compressed data are subsequently processed by application of an azimuth matched filter. Here, we use a general velocity matched filter, which is matched to the range history given by Equation (1). The time discrete velocity matched filter (H i ) used for this study is given by
where λ is the wavelength; j is the imaginary unit; t = 0 is defined here as the time at which the target is broadside to the radar; R 0 = R(0) is the slant range at time t = 0; and t i = i/f p , where the values of t i are the sampling instants in "slow time", f p is the radar pulse repetition frequency (PRF), and the subscript i indicates the ith radar pulse (i = 0, ±1, ±2, etc.). For a static target, dR/dt = 0 at t = 0; for a moving target, dR/dt ≠ 0 if the target velocity has a radial component. The range of t i for this filter is restricted so that R(t i ) is limited to one range bin. In this case, 200 azimuth samples were used when estimating velocity. When simulating a system with a stationary matched filter, a complete set of azimuth samples has been used. This filter is applied to the entire region of interest. In general, for a complete synthetic aperture, range walk should be considered (Livingstone and Sikaneta, 2004) . When the range-compressed data are processed by a static matched filter, the image for a target moving in the radial direction is shifted in azimuth. The image position can be calculated from Equation (1) using the condition dR/dt = 0. The azimuth shift is then approximately given by
The final image will show not only the target, but often a number of ambiguities that arise from the azimuth sampling (Curlander and McDonough, 1991) . The ambiguities are much weaker, however, than the main target image for a static target. The location of the first positive ambiguity ∆X amb for a static target is given by the azimuth value for which the Doppler frequency is equal to the f p of the system. This condition gives
general, the location of the first ambiguity relative to the nominal target position is given by
The approximate radial velocity can be estimated from the shift of the first positive ambiguity using the following equation:
which is derived using Equations (3)-(5). For example, if a target is moving along a road with a radial velocity, both the target image and the ambiguities are shifted offroad, and ∆X is the distance between the first ambiguity and the road. The equation assumes that V Tx << V A and V Ty << V A . This assumption is valid for the conditions in this study but may not always be true for the airborne SAR case.
Simulation
A single-channel SAR system simulation was carried out to understand the experimental results and assist in the data analysis. The simulation can be applied to any channel of a PolSAR system. Reflection was not modelled because the objective of the simulation is to study the target motion effect. The cross-polarization was simulated under the reciprocity assumption (i.e., HV = VH for both amplitude and phase). For this reason, it is not necessary to model polarization. The SAR geometry used in the simulation is given by Equation (1).
The system was modelled using CV-580 C-band polarimetric SAR parameters, which are listed in Table 1 . The system operates at a centre frequency of 5.3 GHz; however, system signals and filters are modelled as baseband equivalents to avoid dependence on the centre frequency.
The transmitter chirp pulse was modelled as a complex linear baseband pulse, given by
where T is the pulse width; -T/2 < t < T/2; and B is the transmitter pulse bandwidth, i.e., the difference between the minimum and maximum chirp frequencies. A linear chirp may produce higher side lobes than a nonlinear chirp, which is used in CV-580, but this does not affect the results of the study.
The received signal is modelled as the transmit signal multiplied by the antenna power gain pattern. The power gain is used because both the transmitted and reflected signals pass through the antenna. For this study, the antenna pattern is assumed to be Gaussian, with a half-power beam width of 3°. Range losses and target reflection factors are not modelled. The reflection factor is taken to be 1.
The receiver bandpass filter, which is assumed to have a 3 dB bandwidth of 40 MHz, is modelled as a baseband equivalent Gaussian filter with a 3 dB bandwidth of 20 MHz, whose frequency response is given by
where f 0 is the 3 dB bandwidth. The impulse response of this filter is given by inverse Fourier transform of H(f).
The range compression of the CV-580 used in this experiment was achieved in hardware through a surface acoustic wave (SAW -1 ) device. The SAW -1 filter is matched to the transmitter pulse, and its impulse response is given by
The receiver matched filter output is therefore given by a convolution of the transmitter pulse, the time response of the receiver filter, and the impulse response of the pulse compression filter. The output of the compression filter is sampled at times corresponding to range intervals of 4 m. For each pulse, a series of range samples of the range-compressed data is generated. Each pulse represents an azimuth sample time. Therefore, this process produces a two-dimensional array of samples in azimuth and range.
The array of range-compressed data samples is then processed by convolution with the azimuth matched filter given by Equation (2). The velocity of the target is specified in the matched filter. In general, PolSAR systems are designed to image static scenes and use a stationary matched filter. A stationary matched filter was used for the simulations of this study.
A PolSAR system alternately transmits H and V polarized EM waves from an antenna and receives the H and V polarized scattered waves simultaneously. The HH and HV components are formed at the same time; and the VH and VV components are formed at the same time with a delay of ∆t = 1/2f p ; but the HV and VH components are formed at slightly different times (∆t = 1/2f p ). A coregistration process compensates for this fact by using numerical processing. The coregistered rangecompressed samples are processed by convolution with the azimuth matched filter.
Simulation results
Simulated results are presented in this section. The absolute value of the system response to a point target as a function of Figure 2 illustrates the radar response to a static target at azimuth pixel 1785, the first ambiguities to each side of the target, and the first positive ambiguity at around azimuth pixel 3270 (the distance in pixels between the target location and the first ambiguity is 1485). The ambiguities are due to azimuth undersampling, and the amplitudes of the ambiguities are very weak. Figure 3 shows the response of a target moving away from the sensor, having only radial (across-track) velocity that gives a ground velocity component V Ty , where V Ty = 9.7 m/s. The azimuth shift due to radial velocity is clearly shown. The target is shifted to around azimuth pixel 500 from 1785, and the first positive ambiguity is shifted the same distance, appearing at around azimuth pixel 1985 (the distance in pixels between the target location and the first positive ambiguity is 1485, the same as when the velocity is zero). In addition, the amplitude of the target became much weaker while the amplitude of the ambiguity became much stronger. The amplitude of the ambiguity is much stronger than that from the target.
The |HV-VH| of a point target response is illustrated in Figure 4 for the same target velocity as that of Figure 3 . For this simulation, the HV and VH reflection factors of the target are assumed to be equal. The HV response is calculated directly. The VH response is obtained by numerical processing to compensate for the time offset (∆t = 1/2f p ). This shifting process compensates for the fact that HV and VH samples are obtained from transmit pulses that are offset in time.
It is clear that the image is substantially cancelled because of the reciprocity of the HV and VH channels. The level of the first positive ambiguity increases, however. Detailed examination of the simulation results for the individual HV and VH (interpolated) channels shows that the phase difference between the first ambiguities of the HV and VH channels is approximately π. Therefore, the |HV-VH| level is twice the level of HV or VH ambiguities. The source of the results has to be theoretically confirmed, and research on this subject is ongoing.
The across-track velocity raises the amplitude of the ambiguity and shifts its position while reducing the amplitude of the main image and shifting its position by the same amount. The formation of |HV-VH| substantially cancels the image while enhancing the ambiguities due to the phase difference of π. The net result is that the ambiguities of a moving target are much easier to see. The phase difference plays an important role in this process. A qualitative analysis of this effect is described in the following paragraph.
It is shown in the Theory section that the image of a point target is located at an azimuth position where the Doppler shift of its range-compressed signal is zero, i.e., where the phase difference between adjacent samples is zero. Similarly, the first ambiguity is located at an azimuth position where the Doppler shift equals the pulse repetition rate (f p ). This corresponds to a phase shift between adjacent samples of 2π. If the samples of HV occur at the pulse repetition period (1/f p ), the samples of VH occur halfway between them and will have a phase shift of π relative to the adjacent samples of HV at the ambiguity position. The time shifting (coregistration) of the VH samples is achieved by a linear interpolation process in which weighted samples of VH are added together. Therefore, the coregistered samples of VH are also expected to have a phase shift of π relative to the HV values at the ambiguity position.
Experiment description
The data used in this paper were acquired by the Environment Canada CV-580 C-band polarimetric system during a trial conducted by Defence R&D Canada -Ottawa in the Ottawa area on 24 September 2002. Figure 5 shows four controlled moving targets being driven on the road during the experiment.
The antenna subsystem is illustrated in Figure 6 . The PolSAR system has a single antenna, and the MTI system has two antennas. The PolSAR antenna was used in this experiment.
Four trucks were mounted with four different types of radar reflectors and driven nearly perpendicular (aspect angle of 95°) to the flight path at a nominally constant velocity away from the radar, with 50 m of separation. The four radar reflectors included a square grid, trihedral, 45°tilted dihedral, and -45°t ilted dihedral. During the trial, differential global positioning system (dGPS) receivers were installed on each vehicle to provide location and speed. The aircraft flew at an altitude of 5165 m with a ground speed of 142 m/s. The incidence angle at the targets was about 47°. The target velocity varied from 5.6 to 9.7 m/s for various flight passes. However, all four targets maintained the same nominal velocity for each flight pass.
A square grid can be considered as a series of vertical and horizontal dipoles. Therefore, the normalized scattering matrix can be written as
The strips in the horizontal direction are active for the HH component, and the strips in the vertical direction are active for the VV component. The cross-polarization components are zero.
The normalized scattering matrix of a trihedral is given as follows (Ulaby and Elachi, 1990) :
The normalized scattering matrix of a rotated dihedral can be deduced as (Ulaby and Elachi, 1990 )
where ϕ is the orientation angle of the target, i.e., the angle of rotation around the line of sight. For ϕ = 45°,
and for ϕ = -45°, 
It is clear that a 45°tilted dihedral has a strong crosspolarization component.
Experimental results
From this experiment, we investigate target detection and velocity estimation from PolSAR data. An extensive data analysis has been performed on all six flight passes obtained from the trial. The results presented in this section are from the flight passes l1p8, l1p3, and l1p4, which present the different velocities of the controlled targets, and all the results are summarized later in this section. It should be noted that the objective here is to illustrate what information can be obtained from the PolSAR images, not to present optimized algorithms for moving target detection and velocity estimation.
Data quality
To ensure the data quality, the coregistration and the targetto-clutter ratio (TCR) were studied using a trihedral corner reflector (CR) and an active radar calibrator (ARC), which were deployed at a calibration site during the trial. The calibration site was imaged during each flight pass. Figure 7 shows the azimuth transect through a CR from HH, VV, HV, and VH channels. The TCR was estimated using the target peak value and the clutter average value. The TCR values are of the order of 25 dB for the copolarization channels, but the target is not visible in the cross-polarization channels because the radar returns from the cross-polarization channels are ideally zero (see Equation (11)). Figure 7 shows that the peaks of HH and VV are at the same location (pixel 1467), indicating that the system had good coregistration.
The phase angles between the HV and VH channels were studied using an ARC that was designed to receive H and V polarized waves and then retransmit the H and V polarized waves simultaneously. The radar returns of HV and VH components from the ARC should be the same if the target is reciprocal. The phase angles of the target, arg(HV × VH*), where the asterisk denotes the complex conjugate, between HV and VH were calculated and it was found that the difference of phase angles between HV and VH is zero. This indicates that the phase between HV and VH was well calibrated.
These results indicate that the TCR (of the order of 25 dB), coregistration, and HV/VH channel phase balance are good and are suitable for reliable analysis of velocity effects. A TCR of 25 dB for a calibration signal is generally considered good (R. Touzi, personal communication, 2005) .
Target detection
There are several methods of detecting the presence of moving targets (Sikaneta, 2004) , of which two are adapted for use in this study. If the target is above the clutter, the target trajectory can be seen in the range-compressed, azimuthuncompressed data. For a static target, the trajectory will be nearly horizontal, with a slightly hyperbolic shape. If it is moving, it will have a noticeable slope. A moving target can be distinguished from a static target by its trajectory. Consequently, the velocity can also be estimated from the slope of the trajectory.
Another detection method is clutter cancellation analysis. If reciprocity is assumed, then HV = VH (i.e., the VH channel signal is identical to the HV channel signal), and the formation of |HV-VH| for the final image should cancel the clutter if the PolSAR system is perfect. In principle, the target image should be cancelled as well. However, HV and VH are measured at slightly displaced times, but the images are coregistered by interpolation of the range-compressed data. For this study, |HV-VH| was formed to determine whether there were any imperfections in the coregistration process or other nonreciprocal effects that could aid in the detection of a moving target.
The extent to which the clutter is cancelled will be determined by the quality of the PolSAR system balance and calibration and the degree to which the clutter is reciprocal. Also, the noise due to the system will not be cancelled.
Note that the first method can be applied to any single channel and does not require PolSAR data; however, a PolSAR provides three independent channels, of which the best can be used for analysis. The second method requires PolSAR data.
Trajectory analysis
Range-compressed, motion-compensated (i.e., azimuthuncompressed) data from the HH channel are shown in Figure 8 , which shows a few target trajectories. The trajectories from static targets have zero slope. As shown in Figure 8 , the trajectories of T r1 and T r2 are horizontal along two slant range bins, with a slightly hyperbolic shape. These two trajectories are from static targets. The trajectories from moving targets are sloped across slant range, however. For example, the trajectory T r3 is sloped across four slant range bins. This slope can be used to estimate the velocity. Target trajectories can be seen in range-compressed data only when the target returns are above the clutter. For this reason, most moving target trajectories are not visible.
Clutter cancellation analysis
The final images (after azimuth processing) corresponding to the range-compressed data are shown in Figure 9 , which illustrates the images from HH, HV, VH, and VV channels. Many targets are seen in |HH| and |VV| images. Examples of T unknown1 , T unknown2 , and T 2 in Figure 9 correspond to T r1 , T r2 , and T r3 in Figure 8 . The locations of the four controlled targets in Figure 9 are also labeled T 1 -T 4 . Only one of these targets (T 2 ), however, is seen in |HH| and |VV| images. The clutter cancellation analysis is applied to suppress the clutter.
The correlation coefficient of different polarization channels indicates the degree of similarity between them. The correlation coefficients for this scene are calculated and given in Table 2 . It is found that the correlation coefficient between HV and VH channels is 0.97. High correlation leads to a substantial cancellation of clutter. The coregistration process compensates for the fact that the HV and VH images are formed at slightly different times (∆t = 1/2f p ).
When |HV-VH| is calculated (see Figure 10) , four controlled moving targets are seen because the surrounding clutter is cancelled. They are not on the road, however, and Table 2 . Correlation coefficients for the scene in Figure 10 .
appear to be shifted to the right. Because the velocity is away from the aircraft, the images should be shifted to the left of the road. Therefore, the targets that are seen could also be the leftshifted azimuth ambiguities, as illustrated in Figure 11 . Figure 10 shows that the clutter is not completely cancelled. Parts of the image are still visible, such as the road and the darker areas to the left of the road. This could be due to a number of factors or a combination of these factors: the coregistration process may not be perfect, there may be channel imbalance between the HV and VH channels of the PolSAR system, and the image itself may not be totally reciprocal. It is not possible to determine which factor is dominant, however. Also, the noise due to the system will not be cancelled.
Four controlled moving targets are observed, labeled T 1 -T 4 in Figure 10 . The structures of each target mounted on the moving vehicles were described earlier in the paper. The image of T 2 is also seen in the |HH| image (T r3 in Figure 8) . T 2 is a trihedral with a strong radar return in HH and VV (Equation (11)). Other moving targets cannot be seen in any single channel because the targets are smeared and immersed in the surrounding clutter.
Four targets that are seen are actually the first azimuth ambiguities rather than the targets themselves because they appear on the right side of the road rather than on the left, as expected. The road appears at an azimuth value of about 1837. The simulation results from earlier in the paper and the theoretical formulas show that the ambiguities will be to the right of the road. It is believed that the first positive ambiguities of HV and VH are not cancelled in the |HV-VH| image because they differ by a phase angle of π and are non-reciprocal. The actual HV and VH images are equal due to reciprocity and therefore cancel. In addition, for a moving target with a radial velocity, the magnitude of the image is reduced while the magnitude of the ambiguity is increased. These characteristics of the |HV-VH| image were also seen in the simulation results given earlier in the paper, and the source of the results remains to be theoretically confirmed. Research on this subject is ongoing.
In the |HV-VH| image, the magnitude of T 3 is higher than that of T 2 . T 2 is a trihedral and ideally has no cross-polarization components (Equation (11)), but there are system imperfections, and also returns from the vehicle. T 3 is a 45°tilted dihedral corner reflector.
The targets are moving from the top of the image to the bottom. In general, simulation shows that if a target velocity is constant, the target will appear as a vertical smear. If the target is accelerating, it will appear to slope downward and to the left. If it is decelerating, it will slope downward and to the right. Thus, T 1 seems to have constant velocity. T 2 and T 4 may be accelerating, and T 3 may be decelerating. T 3 is also farthest from the road, indicating its velocity is lower (l1p8 in Table 3) .
TCR analyses are also performed on each observed target, and the results for T 2 and T 3 are shown in Figures 12 and 13 , which correspond to |HH|, |VV|, |HV|, |VH|, and |HV-VH|. The peak value of each target occurs at a different location. In these figures, the range pixel is different for each target and is chosen at the peak value of the target. The HH and VV plots of T 2 show approximately equal target levels as expected because the radar return from a trihedral has only copolarization components. In the |HV-VH| plot, however, T 3 has two peaks with almost the same value. The reason for the two peaks needs further investigation. There is no peak of T 3 observed in the HH and VV plots because the 45°tilted dihedral has only crosspolarization components. The clutter level is -2 to -8 dB, so the TCR is greater than 16 and 13 dB for HH and VV components. No targets are seen in the HV and VH graphs, and the clutter level is -8 to -15 dB.
In the |HV-VH| graph, T 2 and T 3 are seen at levels of -12 and -8 dB, respectively, and T 1 and T 4 are seen at levels of -12 and -13 dB, respectively, and the clutter level is -23 to -28 dB, which is much lower than that of the targets. It is also observed that the peak of T 2 cannot be seen in |HV| and |VH| and the clutter level is about -15 dB; however, T 2 is about -12 dB in |HV-VH|. The TCR results again demonstrate the advantage of the clutter cancellation.
Two noticeable peaks of target T 3 are observed in Figure 13 . This observation may be caused by the target structure and the target motion. T 3 is a +45°tilted dihedral that has strong returns from HV and VH channels (Equation (13)). In addition, the target is mounted on the vehicle. The returns are not only from the controlled target, but also from the vehicle. Furthermore, the acceleration of a moving target can cause the spread peaks (Sharma and Collins, 2004) .
Another two examples from the same experiment are shown in Figures 14 and 15 . The designed velocities of the controlled moving targets are the same in each flight pass and are 5.6 and 8.3 m/s for each pass. The terrain features are the same as shown in Figure 9 ; only detailed information of the four controlled moving targets are shown in the two figures. Three moving targets (T 2 , T 3 , and T 4 ) are seen clearly (T 1 is faintly visible) in Figure 14 , and all four moving targets are seen clearly in Figure 15 . The azimuth shift is different, however, because it is due to radial velocity. In Figure 14 , T 3 is closer to the road than other targets, indicating that T 3 is moving faster than the others targets, and it agrees with the estimated velocity using the azimuth shift analysis (l1p3 in Table 2 ).
Velocity estimation
The velocity of the moving targets can be estimated in several ways (Chiu and Sikaneta, 2004; Gierull and Sikaneta, 2004) : trajectory analysis, azimuth location shift analysis; and matched filter analysis.
Trajectory analysis
Trajectory T r3 in Figure 8 is sloped over range bins 210-214 and over azimuth samples 1200-1850. From the total number of azimuth samples, the observation time of the moving target is estimated to be about 2 s ((1850-1200)/f p , with f p = 332 Hz).
The radial velocity is estimated from the trajectory across the range distance (∆ = 4, with a range sample spacing of 4 m) in 2 s to be 8 m/s. This gives a ground range velocity of V Ty = 10.8 m/s. The designed velocity for this target was about 9.7 m/s, and 9.8 m/s was estimated from the dGPS. The velocity estimated from the trajectory analysis is similar to the designed value. However, the beginning and end of the trajectory are not very clear in the image, and this estimation method gives only a rough indication of the velocity. In general this method can only give a crude estimate of the radial velocity.
Azimuth shift location analysis
From the visible targets in the |HV-VH| image (Figure 10) , the velocities necessary to shift them back to the road are calculated, assuming that they are azimuth ambiguities. As discussed, the visible moving targets in the image are actually azimuth ambiguities. The distance between a target and its ambiguity can be calculated. When the target is shifted due to movement, the ambiguity is shifted in the same way. Therefore, the velocity of the target can be estimated according to Equation (6) applied to the azimuth ambiguities (Curlander and McDonough, 1991) .
It is necessary to find the azimuth distance between the first ambiguity and the location where the image should be from the image (∆X in Equation (5)). For example, from the |HV-VH| image (Figure 10 ), trajectory T 2 is located at range pixel 212 and azimuth pixel 1743. At the same range location, the road is located at about azimuth pixel 1370 and gives ∆X = 154 m. We also assume along-track velocity V Tx = 0, since the targets were moving away from the aircraft in across-track. Then, the estimated velocities are 9. 2, 8.6, 8.3, and 8 .9 m/s, corresponding to T 1 , T 2 , T 3 , and T 4 , respectively (l1p8 in Table 3 ).
This method appears to provide good estimation of the target radial velocity, but it is necessary to know the original target location.
Velocity matched filter analysis
The range-compressed data were processed with a filter matched to a specific velocity using Equation (2). The filter was applied by systematically varying the velocity parameter until the correct velocity was approximately determined by maximizing the target amplitude and minimizing the azimuth smearing. Examples of images using matched filter analysis for the HH channel are illustrated in Figures 16 and 17 . In Figure 16 , the target velocity is assumed to be zero (V T = 0); in Figure 17 , V Ty = 8.9 m/s. In this case, the target is shifted back to pixel 1837, which is close to the target location, compared with the approximate road centre location of pixel 1845 in Figure 16 . It was observed, however, that it was not always straightforward to determine the maximum amplitude and minimum smearing conditions. The matched filter length should be optimized to minimize this effect. Matched filter analysis can also be applied to any single channel and does not require PolSAR data. If PolSAR data are available, however, the best channel can be used.
Summary of velocity analysis
Six flight passes of images were obtained from this experiment. The four moving targets were observed in each image. Moving target detection and velocity analysis were performed for all passes. The estimated velocities of each target using the methods discussed in this section and the ground truthing information obtained from dGPS are summarized in Table 3 , where the velocity estimation using trajectory analysis is only applied to T 2 because this is the only target seen in the HH images.
In this analysis, the matched filter gave the best velocity estimates, closely followed by those from the azimuth shift analysis. The road location must be known for azimuth shift analysis, however. The trajectory analysis was less accurate, as expected. Note that the trajectory analysis was not applied to l1p3 because the trajectory of T 2 was not clearly identified in the range-compressed data.
Summary and conclusions
This study has illustrated the effects of target motion on PolSAR images. Examples of images of land vehicles have shown image smearing caused by target motion. It has also been shown that the PolSAR data contain a great deal of information that can be used to detect moving targets and estimate their velocities. An interesting example is the use of clutter cancellation analysis, which shows the shifted targets. The clutter cancellation effects seen here are different from those obtained in a GMTI system, however, since the PolSAR system has no antenna phase centre separation of the different channels. This subject should be studied further. Other useful information is contained in the vehicle trajectories (when visible) and the azimuth shift when it is known that the vehicles are on a road. A velocity matched filter can also provide a velocity estimate, using filter banks, which improves the focus of images of moving vehicles. Research in the area of improving the application of the velocity matched filter is ongoing. The analysis methods used in this work can be applied to practical situations such as determining the velocities of moving vehicles on highways.
The PolSAR system also has a number of advantages. Since velocity affects all polarimetric components, velocity information can, in principle, be obtained from any component. In particular, the component with the largest target to clutter ratio can be used to provide the best possible velocity estimate. Clutter cancellation can improve target detection. Single-and dual-channel spaceborne SAR systems do not have this capability.
It is expected that, in principle, the methods studied in this paper would be applicable to data from RADARSAT-2. The system parameters of RADARSAT-2 are somewhat different from those of the CV-580 system, however. For the RADARSAT-2 system, the platform altitude is more than 100 times higher (798 km), the speed is around 50 times greater (7.5 km/s), and the acquisition time is consequently much faster. Thus, the image smearing is expected to be much less in the radial direction and the use of the trajectory method may be limited to higher target velocities. In addition, the resolution of the system is around 10 m in both range and azimuth compared with 6 m in range and 1 m in azimuth for the CV-580. The azimuth shift in metres due to target motion will be greater. Lastly, the system noise of the RADARSAT-2 system is expected to be higher than that of the CV-580. Nevertheless, the basic concepts of this paper are still valid for the RADARSAT-2 system, and their application to RADARSAT-2 data will provide added value in information extraction.
A PolSAR system is not specifically designed for velocity detection and estimation, and its performance is not as good as that of an along-track interferometer, which is designed for this purpose. A PolSAR system has no antenna phase centre separation, unlike an MTI system. Nevertheless, some useful velocity information can be obtained from PolSAR images that could be exploited.
The RADARSAT-2 system will include a MTI mode that uses two separate antenna segments. This system is designed for moving target detection and velocity estimation. Recent studies indicate that the system should work well, since numerous algorithms have been proposed for detection and velocity estimation (Chiu and Livingstone, 2005; Chiu, 2005) . Based on the discussion in the previous paragraph, it is expected that detecting moving targets and estimating their velocity from RADARSAT-2 polarimetric images may be somewhat more difficult than from those of the CV-580 system, although still feasible. How well it works will remain an open question until RADARSAT-2 becomes available.
Further research should continue into methods to detect motion and estimate velocity from PolSAR images. This will permit a more complete exploitation of the information in polarimetric images from RADARSAT-2 when they become available.
